Since the first "test-tube baby" in 1978 (1 ) , in vitro fertilization (IVF) 6 has been widely used in cases of infertility problems. In recent years, the success rate and safety level have been enhanced by the development of new technologies such as embryo freezing (2 ) , preimplantation genetic diagnosis (3 ) , and intracytoplasmic sperm injection (ICSI) (4 ) . Sperm screening is an important step for the success of fertilization (5 ) . Currently, sperms are clinically selected in test tubes on the basis of motility rather than degree of health. Under physiological conditions, different mechanisms have been shown to guide sperms successfully along the female genital tract. In mammals, these mechanisms are thought to be a combination of chemotaxis, thermotaxis, and probably oviductal contractions (6 ) .
Motility is regarded as one of the most important parameters related to sperm quality, and asthenospermia is a common reason for male infertility. Procedures that could safely and efficiently select motile sperms would be desirable. Currently, the swim-up method and the density-gradient centrifugal method are used for this purpose (7 ) .
Chemotaxis, the movement of cells toward a concentration gradient of chemoattractant, was first discovered as a sperm guidance mechanism in marine species (8 ) . In the last decade, the mechanism of sperm chemotaxis in mammals has been extensively debated. The technical difficulty lies in the low signal-to-noise ratio obtained in the chemotaxis assay and suboptimal assays that cannot distinguish real chemotaxis from sperm accumulation caused by other factors (9 ) . Recent advances demonstrate that the low signal-to-noise ratio is because only capacitated spermatozoa are chemotactically responsive and the percentage of capaci-tation is low (approximately 10% in humans) (10 ) . Sperm chemotaxis has been demonstrated in frogs, mice, rabbits, and humans, and potential attractants include heat-stable peptides and progesterone in follicular fluid (11 ) .
The manipulation and analyses of biomolecules, cells, and even organisms have been recently made possible using lab-on-a-chip devices (12) (13) (14) . Microfluidics has shown potential in assisted reproductive technology (ART) because of its rapid analysis capability on small sample volumes and the potential to reduce manual operation (15) (16) (17) . Several microfluidic devices have been developed for sperm testing (15, 16 ) . Kricka and colleagues (15, 16 ) developed a motile spermtesting microchip with tortuous channels. A microfluidic device based on sperm-sorting method was proposed by Cho et al. in 2003 (17 ) that used a parallel laminar flow stream to distinguish motile from poorquality sperms. Koyama et al. (18 ) were the first to use microfluidics for sperm chemotaxis testing via a 3-channel structure designed to form a spatially and temporally stable chemical gradient.
In this study, we describe the development of a microfluidic system that can sort healthy sperms on the basis of not only motility, but also chemotactic responsiveness. We sorted sperms with good motility using a width-and length-optimized microchannel, followed by a bibranch channel where cumulus cells were cultured in 1 branch to form a chemoattractant gradient to select sperms with good chemoattractive ability.
Materials and Methods

REAGENTS AND ANIMALS
We obtained human tubal fluid (HTF) and potassium simplex optimized medium (KSOM) from Chemicon; hyaluronidase, pregnant mare serum gonadotropin, and human chorionic gonadotropin (hCG) from Sigma; fetal bovine serum (FBS) from PAA Laboratories; polydimethylsiloxane (PDMS, Sylgard 184) from Dow Corning Corp; and propidium iodide (PI), SYBR 14, and JC1 from Invitrogen.
Sexually mature (Ͼ8-week-old) ICR mice, raised in the Institute of Genetics and Developmental Biology of the Chinese Academy of Sciences, were housed in the Animal House of Tsinghua University and used in the experiments.
MICROCHANNEL DESIGN AND FABRICATION
To facilitate the sperm motility screening, we optimized the width and length of the microchannel. To determine the channel width, the length was set as 7 mm and the widths varied as follows: 200 m, 500 m, 1 mm, and 1.5 mm. For the channel length, the width was set as 1 mm and the lengths tested were 5 mm, 7 mm, 10 mm, and 15 mm. The depth of the channel was set at 25 m to facilitate the in-focus observation of sperms swimming from inlet to outlet and guarantee the accuracy of sperm counting. The radii of the inlet and outlet pools were 2 mm and 1.25 mm, respectively. Fig. 1A shows the structure of the microfluidic chip for motility screening.
The sperm motility and chemotaxis testing structure, imitating the female genital tract ( Fig. 2A) , comprised 4 divisions: (1) the inlet pool, where sperms can be added and start to swim, (2) a straight channel with optimized parameters to screen for sperms with good motility, (3) a round chamber where the motile sperms can be collected and a 2-dimensional chemical gradient can be generated, and (4) symmetrical bibranch channels with 2 outlet pools used as chemoattractant sources. The 2 branches form a 90-degree angle and are both 5 mm in length and 1 mm in width. The radius of the inlet and outlet pools was set at 2 mm, which is the same as the inlet pool of the motility-screening channel. The radius of the round chamber was kept at 1.25 mm, the same as the outlet pool of the motilityscreening channel. Fig. 2B shows the schematic diagram for the bibranch microchannel enabling both sperm motility and chemotaxis evaluation.
We constructed microfluidic chips by use of standard photolithography and micromolding procedures 19 ) . Briefly, the SU-8 photoresist was patterned onto a 4-inch silicon wafer to form a master. Liquid PDMS prepolymer was poured on the master mold, cured at 70°C for 1.5 h, and then peeled off the master mold, producing the final replica with the channel structures. The PDMS replica was then diced and plasma-bonded to a glass slide. Figs. 1B and 2C show the device with only the motility-screening channel and with both the motility and chemotaxis testing channels, respectively.
CUMULUS CELL COLLECTION AND CULTURE IN MICROCHANNEL
Eight-week-old female ICR mice were superovulated by giving an intraperitoneal (ip) injection of 10 IU pregnant mare serum gonadotropin 62 h before collection, followed by an ip injection of 10 IU hCG 14 h before collection. Mice were killed by cervical dislocation, and we collected the cumulus-oocyte-complexes (COCs) from the oviducts in HTF medium. We used 3-minute digestion with 3% hyaluronidase at 37°C to separate primary cumulus cells from oocytes. We then added FBS to a final concentration of 10% to terminate the digestion. The cumulus cells were then spun down at 200g for 5 min and resuspended with HTF containing 10% FBS. To form the chemoattractant gradient, we seeded the homogeneous cumulus cell suspension to 1 of the outlet pools of the bibranch, and cells adhered 5-6 h later. Cells were usually planted at 60% confluency (approximately 1 ϫ 10 4 cells) and were ready for use after 24 h of culture. It is important to avoid turbulence of the fluid while planting the cells. Fig. 2D shows the normally growing cumulus cells cultured in 1 of the outlet pools 24 h after seeding (bright field, 200ϫ).
SPERM PREPARATION AND HANDLING TECHNIQUES INVOLVING THE MICROCHANNELS
An 8-week old male ICR mouse was killed by cervical dislocation. The cauda epididymides and vasa deferentia from 2 sides of the mouse were immediately dissected, placed in 250 L HTF medium preequilibrated overnight. Each cauda epididymis was then cut into 5-7 pieces with ophthalmology scissors to allow motile sperms to swim out. We placed the sperm suspension in a standard humidified 5% CO 2 incubator at 37°C for 30 min for capacitation and assessed sperm concentration by use of a hemocytometer (Qiujing).
To assess motility, we added approximately 25 000 sperms were added to the inlet pool of the sperm motility-screening device. After 5-10 min of swimming, sperms started to accumulate in the outlet pool consistently in each microchannel. After 10 min of swimming, 5-s video recordings were captured at the central region of the inlet pool and near the entrance of the outlet pool. We used a DP-71 charge-coupled device (CCD) (Olympus) coupled with an inverted microscope (DM-IRB, Leica) for video recording (200ϫ); the visual field was randomly selected as a representative region for the inlet or outlet pool.
For the sperm motility and chemotaxis testing device, we added approximately 25 000 sperms to the inlet pool. After 10 min of swimming, sperms started to reach the bifurcation consistently. A 15-min video recording captured sperms heading toward different branches. Two experimental groups were set up with cumulus cells planted in either pool A or pool B. More than 40 sperms were recorded for each experiment. The videos were carefully viewed to count the number of sperms passing through L 1 or L 2 , respectively (Fig.  2E) . Control experiments were set up in the same manner, except that in each experiment, cumulus cells were planted in both or neither of the 2 pools. We replicated the experiments independently 3 times. We used a DP-71 CCD coupled with an inverted microscope for video capture (50ϫ). (See accompanying supplemental video at http://www.clinchem.org/cgi/content/full/ 56/8/1270 and select Video.)
SPERM STAINING
We used the Live/Dead Sperm Viability Kit (Invitrogen), which uses a mixture of SYBR 14 dye and PI, to test the intact membrane rate of the sperm sample (20 ) . We added approximately 25 000 sperms to the inlet pool of the sperm motility screening device, which was prefilled with HTF containing 1 mol/L SYBR 14 and 20 mol/L PI. After 10-min incubation at 37°C in 5% CO 2 , the sperms with intact membranes stained green and the ones with damaged membranes stained red. The stained sperms (approximately 10 L) in the inlet or outlet pool were mounted on the glass slide and examined under a fluorescent microscope (Leica DMIRB, 400ϫ; the excitation wavelengths of SYBR 14 and PI are 488 and 535 nm, respectively; emission wavelengths of these 2 dyes are 518 and 617 nm, respectively).
The first J-aggregate-forming cationic dye (JC-1) is a cationic dye that indicates mitochondrial membrane potential. The decrease of red/green fluorescence intensity ratio indicates depolarization of mitochondria, which negatively correlates with cell viability (21 ) . The shift is due to concentrationdependent formation of J-aggregates that fluoresce red. We added approximately 25 000 sperms to the inlet pool of the sperm motility screening device, which was prefilled with HTF containing 10 mg/L JC-1, and incubated at 37°C for 15 min. The stained sperms (approximately 10 L) in the inlet or outlet pool were mounted on the glass slide and examined under a fluorescent microscope (400ϫ). The excitation wavelengths of the monomer form and J-aggregate form are 514 and 585 nm; emission wavelengths are 529 and 590 nm, respectively.
DATA COLLECTION AND STATISTICS
For the sperm motility screening experiment, we captured 5-s video recordings (200ϫ) at both inlet pool and outlet pool for each microchannel. Motile (progressively motile plus nonprogressively motile) and total sperm number were counted in the randomly selected field for the inlet and outlet pools, respectively. Two indices were adopted in the experiment. One is sperm motility in the outlet pool, defined as the percentage of motile sperms in the total sperm population. The other is the relative sperm count in the outlet pool, defined as the sperm number in the selected field in the outlet pool normalized to the sperm number in the selected field in the inlet pool. The sperm motility and count in the outlet pool were compared among groups with different channel dimensions. For comparisons, we used 1-way ANOVA (22 ) and appropriate post hoc testing if differences were significant (P Ͻ 0.05).
For convenience in evaluating sperm chemotaxis in the current device, we derived a parameter called "chemotaxis index" to assess the characteristics of sperm chemotaxis, represented as the ratio of the number of sperm swimming toward pool A vs the number of sperm swimming toward pool B. We performed the Student t-test (paired, 2-tail) to assess the chemotactic response difference between the experimental and control groups. Groups 1 and 2 were combined as an experimental group by averaging the chemotaxis index of group 1 and the reciprocal of the chemotaxis index of group 2. Three replicates were performed, and a probability of P Ͻ 0.05 was considered statistically significant (23 ) . All computations were made using SPSS software (SPSS Inc.).
Results
DETERMINATION OF THE OPTIMAL DIMENSIONS OF THE MOTILITY SCREENING CHANNEL
We adopted 2 indices to determine the channel parameters-1 was sperm motility and the other was the relative sperm count in the outlet pool. Sperm motility in the inlet pool was approximately 60% (mean for all the microchannels) and reached approximately 85% in the outlet pool, which represents 20%-30% more than in the inlet.
For the width optimization, we saw no statistically significant difference among the various width channels for either sperm motility (Fig. 3A) or relative sperm count (data not shown) in the outlet pool. Among the channels of 1-mm width by 5-to 15-mm length, we found that there was a significant difference for both sperm motility and relative sperm count between the 4 groups (P ϭ 0.022 and 0.011, respectively, 1-way ANOVA). For further analysis, we carried out multiple comparisons between each pair of groups.
With regard to sperm motility, the mean motility in the outlet of 5-mm channel was significantly lower than the other 3 groups (least significant difference test, P ϭ 0.041, 0.011, and 0.005 for 5-mm group vs 7-, 10-, and 15-mm groups, respectively), whereas no significant difference was observed among the other 3 groups. As for the relative sperm count, the mean values for the 5-and 7-mm groups, but not the 10-mm group, were significantly higher than that of the 15-mm group (least significant difference test, P ϭ 0.0026, 0.014, and Ͼ0.1 for 15-mm group vs 5-, 7-, and 10-mm groups, respectively). Taking both indices into account, we considered a 7-mm channel as the 1 with best performance [sperm motility 82.6% (2.9%); relative sperm count 36.3% (8.3%)] and used this length in subsequent experiments.
FLUORESCENCE TEST FOR SPERM MOTILITY IN THE OPTIMIZED
MICROCHANNEL
The sperms stained green in the total population were increased in the outlet compared to the inlet pool ( Fig.  4A and B) . The fluorescence result of JC-1 staining is shown in Fig. 4C and D. The higher red-to-green ratio in outlet pool further confirmed the effectiveness of the optimized channel in sperm-motility evaluation.
SPERM CHEMOTAXIS ANALYSIS
For the purpose of investigating the chemotactic behavior of the sperms, we proposed a new assay using microchannel-cultured cumulus cells as the chemoattractant source to achieve greater stability and a closer match to the in vivo environment.
To establish a stable and objective method for the evaluation of chemotaxis, we set up 4 groups of sperm passing through microchannels with different chemoattractant patterns. Group 1 had the cumulus cells planted only in outlet pool A; group 2 had the cumulus cells planted only in outlet pool B; group 3 had cumulus cells planted in both pools A and B; group 4 had no cumulus cells planted in any pool. Therefore, if sperm chemotaxis was taking place, the count of sperm swimming toward pool A would be expected to be relatively high in group 1 and low in group 2, and we would expect the chemotaxis index to be Ͼ1 for group 1 and Ͻ1 for group 2. For groups 3 and 4, we would expect the chemotaxis index to be approximately 1, since there was no chemical gradient under these 2 situations and sperm would show no bias of swimming toward either pool A or B. Fig. 5 illustrates that the sperm were chemotactically attracted to cumulus cells. The chemotaxis indices were 1.239, 0.815, 1.061, and 0.963, respectively, for each experimental group and demonstrated a significant fraction of sperm traveling toward the cumulus cells compared with the control (combined group 1 and 2 as experimen-tal group, P ϭ 0.0022 vs group 3 and P ϭ 0.039 vs group 4). The subpopulation of chemotactically responsive sperms was defined as the difference between sperms swimming toward the cumulus cells and sperms swimming toward the opposite branch. This mean percentage was 10.2% (n ϭ 6, SD 5.2%), consistent with previous studies showing only a small fraction of total sperms being chemotactic (approximately 10%) (18, 24 ) . After screening, the percentage of chemotactically responsive sperms increased to 18.6% (proportion of 10.2% chemotactically responsive sperms in a total of 55.1% selected sperms).
Discussion
We describe the development of an efficient microfluidic system by incorporating both motility and chemotactic responsiveness for sorting sperms in vitro.
Among the different approaches used for motility screening, a method using microchannels surpasses others in simplicity, user friendliness, and resemblance to the physiological environment. The whole assay was performed automatically in stable fluid and thus avoided the mechanical force involved in conventional sperm selection procedures that may cause DNA fragmentation (25, 26 ) . The material used was PDMS, which is biologically compatible with a variety of cell types, and the screening channel was formed between PDMS and the glass slide.
Our first goal was to study how variation in microchannel width and length altered in vitro motile sperm selection. When we examined a width range of 200 m to 1.5 mm, we saw no significant difference between the various microchannels. When we examined a length range of 5-15 mm, however, short channels (5 Sperm Motility and Chemotaxis Screening Microdevice mm) could not properly distinguish motile sperms from sperms with no or low motility, and increasing the length of the channel increased the percentage of motile sperms. The length of microchannel beyond the optimal value, however, dramatically decreased the sperms that could reach the outlet. This is expected, as the long distance could exhaust the sperms and thus may not be suitable for downstream fertilization applications. Although the study was done using murine sperms, we propose that the system could also be applied to other species with readjustment of the above parameters. In our current study, sperms were allowed to swim for only 10 min before data collection, and the channel depth was set at 25 m to satisfy the in-focus observation. The time point set for data collection and the depth of the testing channel to some extent limited the sperm amount obtained in the outlet. However, the time of sperm screening and the channel depth could be increased to further enrich the sperms in the outlet.
The efficiency of the microchannel was further confirmed by fluorescent staining. The percentage of motile sperms in the outlet pool was increased compared with the inlet pool. Another important finding was that after swimming through the channel, the phenomenon of sperm "groups" or "trains" was largely eliminated. It is common for rodent sperms to form sperm groups by use of the apical hook in their head that might help to increase swimming velocity and thrusting force in vivo (27 ) ; however, this may not be suitable for in vitro fertilization. One reason is that for IVF applications, sperm competition is not as important as in vivo fertilization, which needs sperm groups to surpass others to reach the egg. In addition, because the mechanisms for dispersal of aggregated sperms before fertilization, involving in part acrosome reaction, are missing in vitro (28 ) , sperm groups may even hamper subsequent fertilization. In summary, sperms after screening not only had excellent motility scores, but also detached from each other, potentially further increasing the efficiency for IVF. Currently, 3 types of assays are used for studying sperm chemotaxis in mammals. The first is an accumulation assay in which sperms sense the chemoattractant gradient and accumulate near or at its source. The second is the so-called choice assay, in which sperms choose between 2 or more wells containing control or attractant buffer. The third is to directly trace videorecorded tracks made by sperms sensing the chemoattractant (9 ) . Our assay could theoretically be classified as the choice assay and can efficiently differentiate the chemotaxis from sperm accumulation or trapping.
The major difference of our approach compared with previous assays is that we used in vitro cultured cumulus cells as the chemoattractant source instead of follicular fluid or progesterone-containing medium. Prior studies using follicular fluid failed to generate consistent results (29 ) . Much effort has been expended to clarify the working concentration of follicular fluid (30 ) . It is important to bear in mind, however, that chemotaxis to the follicular fluid is unlikely to occur in vivo because it is only released as a single event at ovulation and cannot be maintained throughout the life of the egg in the female genital tract (31 ) . With our proposed method, we can bypass this issue and provide a method that better mimics the in vivo environment. It is believed that the oocytes as well as the surrounding cumulus cells can secrete components that guide sperms to the oocytes (31 ) . These components are consistently secreted after ovulation, of which progesterone is the major chemoattractant (32 ) . We planted the cumulus cells in the microchannels 24 h before performing the assay to generate a chemoattractant gradient. Based on our observation, cumulus cells could adhere to the substrate 5-6 h after seeding and spread effectively after overnight culture. They began to show changes in morphology 48 h after seeding, without a medium change. The device we designed also mimics the in vivo structure: the screening channel resembles the vagina; the diffusion chamber could store and buffer the sperms just like a female uterus; the bibranch channel functions as the oviducts; and the in vitro cultured cumulus cells provide the chemoattractive function of the COCs in vivo. We found a moderate but significant chemotaxis phenomenon that sperms tended to swim to the wells containing cumulus cells. The total percentage of chemotactic responsive sperms was 10.2%, consistent with previous studies reporting values ranging from 7% to 13% in mice (18, 24 ) . More studies are needed to elucidate the progesterone distribution in this system and the mechanism of how cumulus cells attract sperms.
Our microchannel-based device allows motility screening and chemotaxis testing simultaneously, demonstrating its potential for clinical treatment of infertility. Further work would be the building of a labon-a-chip type system that could integrate sample preparation, biological or chemical reaction, and data analysis in miniaturized channels or chambers for assisted reproduction applications. Such a system could surpass the conventional methods, as it could be fully automated and efficient and could closely resemble physiological conditions. 
